Phase separation of mixtures of oppositely charged polymers provides a simple and direct route to compartmentalization via coacervation, which may have been important for driving primitive reactions as part of the RNA world hypothesis. However, to date, RNA catalysis has not been reconciled with coacervation. Here we demonstrate that RNA catalysis is viable within coacervate microdroplets and further show that these membrane-free droplets can selectively retain longer length RNAs while permitting transfer of lower molecular weight oligonucleotides.
Introduction
Compartmentalization driven by spontaneous self-assembly processes is crucial for spatial localization and concentration of reactants in modern biology and may have been important during the origin of life. One route known as coacervation describes a complexation process 1,2 between two oppositely charged polymers such as polypeptides and nucleotides. [3] [4] [5] [6] [7] The resulting coacervate microdroplets are membrane free, chemically enriched and in dynamic equilibrium with a polymer poor phase. In addition to being stable over a broad range of physicochemical conditions, coacervate droplets are able to spatially localize and up-concentrate different molecules 3, 8 and support biochemical reactions. 9, 10 It has been hypothesized that compartments which form via coacervation could have played a crucial role during the origin of life by kick-starting and concentrating the first biochemical reactions on Earth. 11 Coacervation has also been implicated in modern biology where it has been shown that the formation of membrane-free compartments or condensates such as P-bodies or stress granules within cells are driven by this mechanism. 12, 13 These membrane free organelles are chemically isolated from their surrounding cytoplasm through a diffusive phase boundary, permitting the exchange of molecules with their surroundings. 14 In addition, these compartments may localize specific biological reactions and play important roles in cellular functions such as spatial and temporal RNA localization within the cell. [15] [16] [17] [18] Whilst there is increasing evidence for the functional importance of RNA compartmentalization via coacervation in modern biology, this phenomenon would also have been vitally important during a more primitive biology. Up-concentration and localization could have enabled RNA to function both as a catalyst (ribozyme) and storage medium for genetic information, as required by the RNA world hypothesis. 19 To date, ribozymes have been encapsulated within eutectic ice phases 20, 21 and protocell models such as water-oil-droplets for directed evolution experiments, [22] [23] [24] membrane-bound lipid vesicles, [25] [26] [27] and membrane free compartments based on PEG/Dextran aqueous two-phase systems (ATPS). 28 Interestingly, RNA catalysis within ATPS exhibits an increased rate of reaction as a result of the increased concentration within the dextran phase. Despite these examples, RNA catalysis has not been demonstrated within coacervate based protocells. Herein, we show the ability of the coacervate microenvironment to support RNA catalysis whilst selectively sequestering ribozymes and permitting transfer of lower molecular weight oligonucleotides.
Results & Discussion
We developed a real-time fluorescence resonance energy transfer (FRET) assay (see materials and methods and ESI) to investigate the effect of the coacervate microenvironment on catalysis of a minimal version of the hammerhead ribozyme derived from satellite RNA of tobacco ringspot virus (HH-min) 29 . HH-min and its FRET-substrate ( Figure 1A , materials and methods and ESI) were incubated within a bulk polysaccharide / polypeptide coacervate phase or within coacervate microdroplets (see ESI) under single turnover conditions. Cleavage of the FRET-substrate strand by HH-min increases the distance between 6-carboxyfluorescein (FAM) and Black Hole quencher 1 (BHQ1), resulting in increased fluorescence intensity. We further developed an inactive control ribozyme (HH-mut) by introducing two point mutations at the catalytic site (see materials and methods and ESI).
HH-min (1 µM) and FRET-substrate (0.5 µM) were incubated within the CM-Dex:PLys bulk coacervate phase (4:1 final molar concentration, pH 8.0). The RNA was then separated from the coacervate phase and analyzed by denaturing gel. Excitingly, fluorescence gel imaging showed the presence of cleavage product in the bulk coacervate phase containing HH-min. In contrast, control experiments in the absence of HH-min or in the presence of HH-mut showed no evidence of the cleavage product, confirming that the wild type ribozyme drives substrate cleavage in the bulk coacervate phase ( Figure 1B ). The FRET assay was further exploited to characterize the enzyme kinetics in both the bulk coacervate phase and buffer by time resolved fluorescence spectroscopy under single turnover conditions by direct loading of HH-min and FRET-substrate into either cleavage buffer or bulk coacervate phase. The increase in fluorescence intensity of FAM was measured over time and normalized to the amount of cleaved product produced (see ESI).
Fitting the kinetic profiles of substrate cleavage in buffer conditions with a single exponential revealed an apparent rate constant, k 0 of 0.6 +/-0.2 min -1 ( Figure 1C ) which was comparable to the k 0 obtained in buffer analyzed by gel electrophoresis (0.4 ± 0.01 min -1 ) ( Figure S1 ) and to k cat values previously determined for a range of hammerhead ribozymes (0.01-1.5 min -1 ). 29, 30 In comparison, RNA cleavage within the bulk coacervate phase was clearly biphasic ( Figure S2A ) with an observed faster rate constant of k 1 of 1.0 x 10 -2 +/-0.1 x 10 -2 min -1 and a second slower rate constant of k 2 of 4.0 x 10 -4 +/-1.0 x 10 -4 min -1 . Thus, the fastest rate constant k 1 is an order of magnitude slower than in buffer conditions (k 0 = 0.6 +/-0.2 min -1 ) indicative of reduced activity within the coacervate phase. In addition, the transition to biphasic kinetics within the coacervate phase compared to the aqueous buffer phase describes a different kinetic mechanism of HH-min within the coacervate phase ( Figure 1D ). This may be attributable to heterogeneous ribozyme populations with alternative conformational and equilibrium states, as observed for some HH systems in aqueous buffer conditions. 31, 32 It is possible that the charged and crowded coacervate microenvironment affects the structure of HH-min, restricting substrate binding, sterically hindering substrate-enzyme complex formation and/or spatially restricting diffusion of the cleavage assay components. Indeed, measured diffusion coefficients of TAM-HH-min (1.0 +/-0.2 µm 2 ·s -1 ) and FAM-substrate (1.6 +/-0.1 µm 2 ·s -1 ) in the bulk coacervate phase ( Figure 2 ) phase from FRAP analysis showed a significantly slower molecular diffusion of the ribozyme and substrate compared to predicted diffusion coefficients of RNA in buffer (~150 µm 2 ·s -1 , Figure 2 ). 33, 34 The decreased mobility is indicative of a more viscous and spatially restricted environment in the interior of the coacervate phase (h = 114 +/-21 mPa·s, Figure 2C ).
To test the activity of the ribozyme within individual droplets, the bulk coacervate phase containing ribozyme and substrate was re-dispersed in supernatant to produce microdroplets in solution (see materials and methods). The final concentration of enzyme and substrate in the microdroplet dispersion was equivalent to the final concentration of the bulk coacervate phase under single turnover conditions (1 µM of HH-min and 0.5 µM FRET-substrate). Fluorescence optical microscopy images showed an increase in FAM fluorescence intensity in the droplets after 900 min ( Figure 3A ).
Fitting the biphasic fluorescence signal allowed a direct comparison of kinetic profiles between the coacervate microdroplet ( Figure 3B , Figure S2B ) and bulk coacervate phase environments. A modestly faster rate constant (k 1 and k 2 ) was observed in the microdroplets (k 1 of 4.8 x 10 -2 +/-0.1 x 10 -2 min -1 , k 2 of 2.4 x 10 -3 +/-0.2 x 10 -3 min -1 ) compared to the bulk coacervate phase (k 1 of 1.1 x 10 -2 +/-0.2 x 10 -2 min -1 , k 2 of 4.0 x 10 -4 +/-1.0 x 10 -4 min -1 ) ( Table S3 , Figure S3 ).
Quantitative FRAP analysis, showed that the measured viscosities of these two environments are the same within error ( Figure S4 ). Given these conditions, it would be expected that k 1 and k 2 would be the same in both the coacervate bulk phase and within the coacervate microdroplets, The cleaved product then diffuses out of the active droplets and into droplets in regions 2 and 3.
Taken together, our results show that longer length RNA (HH-min) is retained and spatially localized within the highly charged and crowded interior of the coacervate droplet, while shorter RNAs transfer between droplets.
Conclusions
Here, we demonstrate that coacervate microdroplets offer intriguing properties for com- 
Materials & Methods

RNA synthesis.
A minimal, trans-acting hammerhead ribozyme (HH-min) derived from satellite RNA of tobacco ringspot virus and complementary substrate were produced by modification of the helix 1 hybridizing arm in a cis-acting system. 35 An inactive variant (HH-mut) was produced by the introduction of two point mutations, G5A and G12A, which inhibit correct ribozyme folding and active site protonation−deprotonation events respectively. 36 The wild-type and inactive hammerhead ribozymes were transcribed in vitro by T7 RNA polymerase. The DNA templates for transcription were produced by fill-in of DNA oligonucleotides using GoTaq (Promega). Complementary pairs of DNA oligonucleotides contained the ribozyme gene (sTRSV_min_wt_TX/ sTRSV_min_mut_TX) and T7 promoter (5T7) ( Table S1 ). The double-stranded templates were purified using a Monarch PCR DNA Cleanup Kit (NEB, Biolabs, USA). Ribozyme RNA was transcribed from the double-stranded templates using the MEGAshortscript™ T7 Transcription Kit (Ther-moFisher), and purified using RNeasy (Qiagen). 
Preparation of bulk coacervate phase and coacervate microdroplets containing
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